Growth, steady-state, and time-resolved photoluminescence study of CdTe/MgCdTe double heterostructures on InSb substrates using molecular beam epitaxy Michael J. DiNezza, 1, 2 Xin-Hao Zhao, 1, 3 1 which is close to the detailed balance limit of 33.2%. Our recent modeling results have shown that monocrystalline CdTe solar cells can potentially achieve efficiencies greater than 25% based on an 86 ns bulk Shockley-Read-Hall (SRH) carrier lifetime. 2 In order to understand the fundamental physics that limits the record efficiencies of polycrystalline and monocrystalline CdTe solar cells, it is highly desirable to have a model system in which the effects of various kinds of defects can be carefully studied in a controlled fashion. A double heterostructure (DH) with type-I band edge alignment provides a model system with reduced interface and surface recombination so that the middle CdTe region can be isolated and studied. However, few efforts have been undertaken to explore the use of monocrystalline CdTe and related DHs grown on lattice-matched substrates for such a purpose. In this letter, we report the molecular beam epitaxial growth and characterization of a CdTe/MgCdTe DH grown on an InSb substrate using X-ray diffraction (XRD), steady-state photoluminescence (PL) and time-resolved PL (TRPL) measurements. Also, the CdTe/MgCdTe DH is compared with a GaAs/AlGaAs DH grown on GaAs and a plain CdTe layer grown on InSb using steady-state PL measurements.
The layer structures of all three samples used in this study are shown in Fig. 1 3 The composition of each barrier is chosen so that the conduction and valence band offsets are greater than several kT, so as to reduce the number of photogenerated carriers from reaching to the top surface and the bottom buffer layer. For sample A, the CdTe/Mg 0.18 Cd 0.82 Te heterojunction has conduction and valence band offsets of approximately 188 meV and 80 meV, respectively, assuming a MgTe bandgap of 3.0 eV. 3 For sample B, the GaAs/Al 0.30 Ga 0.70 As barriers have conduction and valance band offsets of 237 meV and 138 meV, respectively. A 10 nm CdTe and GaAs layer is used to cap the MgCdTe and the AlGaAs top barrier layers, respectively, in order to prevent them from exposure to air. 4 The cap layers have a relatively negligible impact on the PL intensity from the middle CdTe and GaAs layers from a comparison point of view. Sample C consists of an undoped 1.57 lm thick CdTe single layer grown on InSb. This sample is used to determine the effectiveness of the DH for photogenerated carrier confinement.
The growth is carried out using a dual-chamber VG V80H molecular beam epitaxy (MBE) system equipped with two separate III-V and II-VI growth chambers and an ultrahigh vacuum (UHV) transfer chamber. The purity of all source materials is at least 7N, with the exception of Mg which is 6N. Effusion cells are used for the group-II materials, and a valved effusion cell is used for Te. The surface reconstruction during growth is monitored by reflection high energy electron diffraction (RHEED), and the substrate temperature is measured using 1550 nm and 950 nm infrared pyrometers for the InSb and GaAs wafers, respectively. RHEED oscillations observed during the growth of CdTe are The growth procedure starts with thermal deoxidation of III-V substrates under a group-V overpressure, followed by the growth of a 500 nm thick III-V buffer layer. Typical growth conditions are used for all III-V layers, 6 and streaky RHEED reconstructions are observed. Samples A and C are transferred directly to the II-VI growth chamber under UHV after the InSb buffer layer growth. Immediately prior to CdTe growth, InSb surfaces are exposed to a Cd flux for several minutes to prevent the formation of a group III-VI alloy at the interface. A CdTe buffer layer is then grown using an initial Cd/Te flux ratio of 3.5 in order to further prevent the formation of In 3 Te 2 at the interface. 7 After 2 min of growth, the flux ratio is then reduced to 1.5. Upon initiation of CdTe growth on InSb, the RHEED pattern becomes slightly hazy as the surface reconstruction transitions from InSb to CdTe. After 10 min of growth the pattern becomes streaky, as shown in Fig. 2 . Both (2 Â 1) and c(2 Â 2) RHEED reconstructions are observed which indicate a Cd-rich growth condition. 8 The substrate temperature for samples A and C are 265 C and 280 C, respectively, and the growth rate for both samples is 9.6 nm/min as determined by RHEED oscillations. The Cd and Te fluxes are kept constant during the MgCdTe layer growth, since Mg has a larger sticking coefficient and will displace the excess Cd. 9 The structural properties of sample A are investigated using high-resolution XRD measurements. An x-2h scan is taken in the vicinity of the (004) diffraction peak, and reciprocal space maps (RSMs) are taken in the vicinity of the (004) and (115) diffraction peaks. A narrow diffraction peak with a FWHM of 19 arc sec is observed for CdTe (004) diffraction, as shown in Fig. 3 . Pendell€ osung fringes of the CdTe layer are clearly observed, indicating smooth DH interfaces. A weak and broad MgCdTe peak is also observed, which is expected for the thin barrier layers. Interference fringes for MgCdTe give a thickness of approximately 30 nm, which is in excellent agreement with the designed thickness. The (115) RSM in Fig. 4 shows diffraction peaks that are aligned parallel to the vertical axis, and a similar pattern is observed for the (004) RSM. The (004) RSM indicates that there is no tilt present in the crystal structure, while the (115) RSM indicates that the in-plane lattice constants of CdTe and MgCdTe are matched to InSb. Therefore, the CdTe and MgCdTe layers are coherently strained. The composition of the MgCdTe barrier layer is determined using the biaxial strain relationship
where a z is the measured lattice constant of MgCdTe in the growth direction determined using the Bragg equation and the (004) x-2h scan, a o is the lattice constant of unstrained MgCdTe, C 11 and C 12 are elastic stiffness coefficients of 10 Also, it is assumed that MgTe has a lattice constant of 6.42 Å . 11 Based on the XRD scans and parameters above, the Mg composition is determined to be 18% 6 1%.
A comparison of the room-temperature steady-state PL of all three samples is shown in Fig. 5 . The pump laser wavelength is chosen to be 532 nm, since the difference between the absorption coefficients of CdTe and GaAs at this wavelength is less than 6%. 12 The laser excitation power density for samples A and B is 0.10 W/cm 2 , while sample C needed a stronger excitation of 2.1 W/cm 2 to increase the signal to noise ratio. As shown in the figure, sample A has over double the PL intensity as sample B. The strong PL intensity from sample A is attributed to both improved carrier confinement provided by the CdTe/MgCdTe DH and the use of a lattice matched substrate to obtain high quality monocrystalline material. The effectiveness of the carrier confinement is evident from the relatively low PL intensity of sample C, which gives over three orders of magnitude lower PL intensity compared with sample A when measured with the same excitation density. This comparison shows that the MgCdTe barriers have a low interface state density and effectively reduce both surface recombination and transport of photogenerated carriers to the narrow gap (0.17 eV) InSb buffer layer. Further improvements in CdTe material quality with respect to GaAs are expected by optimizing the growth temperature and flux ratios.
The photoluminescence decay of sample A shown in Fig. 6 is obtained using time-correlated single photon counting TRPL measurements. A 530 nm pulsed laser operating at an average power density of 0.14 W/cm 2 is used. The pulse width is 6 ps, and the repetition rate is 2 MHz. These conditions give an initial carrier concentration of less than 1 Â 10 15 cm
À3
, which is determined by assuming a normal incidence reflection loss of 27% and a cap layer absorption loss of 7% at 530 nm. 12 A spectrometer with 16 nm resolution is set to a detection wavelength of 820 nm. GaAs/AlGaAs DHs grown on InSb and GaAs, respectively, as well as a (c) plain CdTe layer grown on InSb. A higher excitation density is used for the plain CdTe layer to improve the signal-to-noise ratio, and the curve is magnified by a factor of 15. The PL intensity of sample A is over three orders of magnitude stronger compared with sample C when measured under the same excitation power density. CdTe layer. Furthermore, photon recycling is negligible because the InSb substrate absorbs luminescent photons and SRH recombination likely dominates in this sample. This carrier lifetime is much longer than that of polycrystalline CdTe solar cells, which is typically less than 6 ns. 13 It should be noted that as-deposited polycrystalline CdTe film has a carrier lifetime of only 0.087 ns, and several processing techniques are needed to improve the material quality. 13 The carrier lifetime of sample A is also longer than the current record of 66 ns reported for bulk single-crystal CdTe measured using a sub-bandgap two-photon method at 850 nm. 14 This method selectively excites the bulk material several hundred microns below the surface, therefore surface recombination is negligible and a fair comparison can be made to our sample.
In summary, CdTe/MgCdTe DHs grown on InSb substrates show a SRH lifetime of 86 ns and over twice the PL intensity as an identical GaAs/AlGaAs structure grown on GaAs. Such a fair comparison is enabled by the use of identical DH layer designs grown on lattice-matched substrates to provide strong photogenerated carrier confinement and to reduce the misfit dislocation density, respectively. Coherently strained high quality MgCdTe barrier layers with relatively low interface recombination are evident from the over three order of magnitude improvement in PL intensity for CdTe/MgCdTe DHs compared with a plain CdTe 1.57 lm thick layer grown on InSb. The strong PL intensity and long PL decay time show the promise of monocrystalline CdTe DHs for high efficiency solar cell applications. Furthermore, this CdTe/MgCdTe DH sample design provides a model system in which the effects of various defects in CdTe layers can be investigated in a controlled fashion.
